A B S T R A C T Ovalbumin messenger RNA (mRNAov) purified from hen oviduct was injected into Xenopus laevis oocytes. The oocytes were incubated in culture medium containing [3H]leucine. Analysis of the oocyte cytosol on Sephadex G-150 columns demonstrated a peak of radioactivity which cochromatographed with authentic ovalbumin. Radioactive protein contained in this peak was precipitated by ovalbumin antiserum, coelectrophoresed with ovalbumin on sodium dodecyl sulfate (SDS) and urea gels at pH 8.7, and eluted with the protein at the same pH (4.8) on CM-cellulose chromatography. Injection of increasing amounts of mRNA., was found to elicit a linear response in terms of ovalbumin synthesis. Moreover, there was linear incorporation of radioactivity into microinjected oocytes over a minimum period of 91 h. Less than 1 ng mRNA0, was detected in this system. Ovalbumin mRNA activity was present in RNA preparations from chicks treated with estrogen but was undetectable in animals withdrawn from the hormone. This study constitutes an initial demonstration of a steroid hormone-induced alteration in mRNA population as assayed in intact viable heterologous cells.
A B S T R A C T Ovalbumin messenger RNA (mRNAov) purified from hen oviduct was injected into Xenopus laevis oocytes. The oocytes were incubated in culture medium containing [3H] leucine. Analysis of the oocyte cytosol on Sephadex G-150 columns demonstrated a peak of radioactivity which cochromatographed with authentic ovalbumin. Radioactive protein contained in this peak was precipitated by ovalbumin antiserum, coelectrophoresed with ovalbumin on sodium dodecyl sulfate (SDS) and urea gels at pH 8.7, and eluted with the protein at the same pH (4.8) on CM-cellulose chromatography. Injection of increasing amounts of mRNA., was found to elicit a linear response in terms of ovalbumin synthesis. Moreover, there was linear incorporation of radioactivity into microinjected oocytes over a minimum period of 91 h. Less than 1 ng mRNA0, was detected in this system. Ovalbumin mRNA activity was present in RNA preparations from chicks treated with estrogen but was undetectable in animals withdrawn from the hormone. This study constitutes an initial demonstration of a steroid hormone-induced alteration in mRNA population as assayed in intact viable heterologous cells.
INTRODUCTION
In the chick oviduct, estrogen induces the synthesis of the specific egg white proteins, ovalbumin, conalbumin, lysozyme, and ovomucoid (1, 2) . The induction of these proteins is associated with an accumulation of their respective mRNAs (3) (4) (5) . In the case of ovalbumin, detailed kinetic studies led to the hypothesis that the estrogenic induction of ovalbumin mRNA (mRNAov)' was Dr. Chan is an Established Investigator of the American Heart Association.
Received for publication 6 August 1975 and in revised form 24 October 1975. 1Abbreviations used in this paper: DES, diethylstilbestrol; mRNA, ovalbumin mRNA. a rate-limiting step in steroid hormone-mediated induction of protein synthesis (6, 7) . Previous studies performed on the translation of hormone-induced mRNAs also include the glucocorticoid induction of tryptophan oxygenase in the rat liver (8) and the androgenic induction of aldolase in the rat ventral prostate (9) and alpha2u globulin in the rat liver (10) . In each of these instances the hormone-regulated mRNAs were translated in heterologous cell-free extracts in vitro. While it is unlikely that results obtained from these in vitro translation systems represent biochemical artifacts, it would be desirable also to study such hormone-mediated responses in heterologous living-cell systems. In these systems, specific tissue responses to steroid hormones can be monitored in whole cells under controlled but perhaps more natural conditions. One such living cell system is the Xenopus laevis oocyte, first developed by Gurdon et al. for the translation of hemoglobin mRNA (11, 12) .
In this communication, we have used and characterized the Xenopus laevis oocyte as an extremely sensitive translation system for mRNA0,. Using this livingcell system, we have also examined the biological activity of mRNA populations isolated from chick oviducts under differing hormonal states.
METHODS
Preparation of recipient oocytes. Adult female Xenopus laevis toads were induced to ovulate by two injections of human chorionic gonadotropin (400 U, Sigma Chemical Co., St. Louis, Mo.). Mature eggs were discarded; the toads were sacrificed 2 wk after induction of ovulation, and stage V oocytes (13) were isolated in Barth's medium (14) . These oocytes were used for microinjection experiments.
Preparation of mRNA... mRNA., preparations used for the microinjection were obtained by-the sequential application of the following procedures as reported by Rosen et al. electrophoresis.'The' mRNAo, preparation purified by these procedures is better than 95% pure (15) .
For induction experiments, groups of 10-day-old white Leghorn chicks were injected with 2.5 mg diethylstilbestrol (DES) in sesame oil subcutaneously daily for 10 days. They were then withdrawn from all hormone for 11 days. On the 12th day of withdrawal, they were treated with a single injection of 2.5 mg DES 18 h before sacrifice. For 0 h controls, the final injection of DES was omitted. Total RNA was isolated from the oviduct of these chicks by extraction in sodium dodecyl sulfate (SDS)-phenol by the method of Rosenfeld et al. (5, 16) . Each pooled sample was further purified by affinity chromatography on an oligodeoxythymidylate-ctellulose column by the method of Aviv and Leder (17) . Samples were applied to the column in 0.5 M KCl 10 mM Tris HCl, pH 7.6. The column was rinsed thoroughly with 0.1 M KCl 10 mM Tris HCl, pH 7.6, and the adsorbed fraction was eluted with 10 (18) . Gels were stained with Coomassie Blue and scanned at 600 nm. They were then sliced by a multiple-blade slicer, and 2-cm slices were solubilized in 0.3 ml 30% hydrogen peroxide and counted in Spectrofluor Triton X-100 (2: 1). Polyacrylamide gel electrophoresis in alkaline urea. Samples were applied to 10-cm gels containing 7.5% acrylamide and a 0.5-cm stacking gel in 8 M urea, 20 mM Tris HCI, pH 8.7 at room temperature. Electrophoresis was carried out at 1 mA/tube until the marker dye (Bromphenol blue) entered into lower gel and then at 3 mA/tube for about 3 h (19) .
CM-cellulose chromatography. 2-cm CM-cLellulose columns were packed on glass Pasteur pipets and equilibrated with 0.1 M ammonium acetate, pH 3.8. Samples were applied in the same buffer, and the column was successively eluted with 0.1 M ammonium acetate with increasing pH. FIGURE 4 Disk-gel electrophoresis in alkaline urea. An aliquot from peak., corresponding to approximately 15,000 cpm was run on a 7.5% acrylamide gel, stained, scanned, sliced, and counted as described in Methods.
1-nl samples were collected, and optical densities of these fractions were read at 280 nm. Aliquots were counted in Spectrofluor-Triton X-100 (2: 1).
Immunoprecipitation with ovalbumin antiserum. Since carrier ovalbumin (1 mg/ml) was already added to the original sample before G-150 column chromatography, im- 15 ,000 cpm together with 0.7 mg carrier ovalbumin was loaded on the column in the same buffer. The column was eluted with successive batches of the buffer at increasing pH as shown. 1-ml fractions were collected. Absorbance at 280 nm was determined on whole fractions, before they were counted in Aquasol (New England Nuclear, Boston, Mass. Immunoprecipitation of ovalbumin synthesized in Xenopus oocytes. The fractions containing the extra peak of radioactivity which cochromatographed with authentic ovalbumin were collected and pooled (designated peak.,). To test the immunologic activity of the radioactive protein contained in the peak, aliquots were incubated with increasing amounts of ovalbumin antiserum (Fig. 2) . The immunoprecipitates were pelleted and washed by repeated centrifugation. The final pellets were solubilized in NCS and counted in Spectrofluor.
As shown on Fig. 2 (Fig. 3) . The radioactivity in the gel slices was found to comigrate with authentic ovalbumin added as an internal marker in the same gel. Hence, the major component of the newly synthesized protein under the extra peak of radioactivity had the same molecular weight as native ovalbumin as determined under denaturing conditions. Polyacrylamide gel electrophoresis in urea. To determine the relative net charge of the protein under denaturing conditions, an aliquot of peak., obtained from oocytes injected with mRNA., was run in a 7.5% acrylamide gel in 8 M urea, 20 mM Tris pH 8.7. Peak., was found to migrate to the same region as authentic ovalbumin added to the same gel as an internal marker (Fig. 4) .
CM-cellulose chromatography. Peak., was analyzed on a 2-cm CM-cellulose column. Both authentic ovalbumin and the majority of the nascent radioactive protein (peak.,) were eluted from the column at the identical pH (4.8). Some residual radioactivity was eluted at pH 10 when no further carrier ovalbumin could be eluted (Fig. 5) . These results suggest that the bulk of the radioactive protein in peakov carries the same charge as native ovalbumin. The radioactivity eluted at pH 4.8 but not that eluted at pH 10 When the oocyte samples were analyzed on Sephadex G-150 columns, a gradually increasing peakov was ob-0.080 served (Fig. 6 ). Even at 0.38 ng/oocyte a definite o.060 peakov was evident. Individual peakso, were pooled and the radioactivity contained in newly synthesized ovalbumin was determined by immunoprecipitation with ovalbumin antiserum. Fig. 7 shows that the radioactivity incorporated into ovalbumin increases in concert with in-0.120 creasing amounts of injected mRNAov. The radioactiv-0.100 ity in the 0.77 ng/oocyte sample was lower than pre-0. 080 dicted from the curve, probably because of the damage which occurred to the oocytes during the injection (see Table I ). However, when [3H] labeled ovalbumin was expressed as a percent of the total [3H]labeled protein in the oocyte, an essentially linear response was seen, including the damaged sample (Fig. 8) Effect of estrogen on oviduct mRNA. When partially purified mRNA isolated from oviducts of chicks sacrificed 18 h after receiving DES was injected into oocytes, a definite peak., was observed on the Sephadex G-150 column (Fig. 10) . This peak was not readily apparent when a mRNA fraction prepared from oviducts of animals withdrawn from estrogen was injected into the oocyte. Fractions under peak.-(fractions 32-38) from each column were then subjected to immunoprecipitation against ovalbumin antiserum (Fig. 11) . Whereas the preparation of mRNA from control oviducts did not direct the synthesis of ['H] ovalbumin, the mRNA sample prepared from estrogen-stimulated oviducts was shown to contain mRNAo. activity.
DISCUSSION
Xenopus oocytes and eggs have been used as efficient translation systems for mRNAs for a number of proteins including rabbit, mouse and duck hemoglobin (11, 12, 20) , guinea pig a-lactalbumin (21), mouse myeloma immunoglobulin light chain (22) (23) (24) , calf lens crystallin protein (25) , encephalomyocarditis virus of mouse (26) , honeybee promellitin (27) , trout testis protamine (28), mouse collagen (27, 29) , Rana pipiens collagen, (30) and beef thyroglobulin (31, 32 It is easily apparent that the Xenopus oocyte is an extremely sensitive translation system: the lowest point on Fig. 8 represents an injection of 0.38 ng mRNAo. per oocyte to a total of 15 oocytes followed by incubation for 20 h. There were 70,000 cPM incorporated into ovalbumin per oocyte under these conditions. By increasing the specific activity of the incubation medium and prolonging the time of incubation, probably less than 10 pg mRNA can be detected in this translation system.
The efficiency of translation of injected mRNA0v molecules compares favorably to that of injected hemoglobin mRNA. As the calculations on Table II show, one molecule of ovalbumin is synthesized from one molecule of mRNA., every 6 min. This is a minimum number since it assumes no leakage, no destruction of injected mRNA or the newly synthesized ovalbumin, and it also assumes absolute purity of the injected mRNAo.. This rate of translation also compares favorably to the transit time of 1.3 min calculated for the intact hen oviduct (33) . This latter rate was derived at a temperature of 41°C. With the Qio of 2.2 and an incubation temperature of 190C, the expected transit time would be approximately 6-7 min. This indicates that the Xenopus laevis oocyte is as efficient as the intact hen oviduct in translating ovalbumin mRNA. As reported by Gurdon et al. (34) for hemoglobin mRNA, mRNA., appeared to be remarkably stable up to a period of at least 9 days. During prolonged incubations, mRNA., molecules seemed to compete successfully against endogenous mRNA for the cellular translation apparatus.
With the development of such an efficient translation assay for a hormone-regulated protein, it would appear feasible to use this system for the detection of biologically intact gene transcripts produced by RNA polymerase from injected samples of chromatin. This is potentially an important biological assay with sensitivities approaching that of hybridization reactions utilizing complementary DNA ([3H]cDNAov) for ovalbumin mRNA. The oocyte assay for specific mRNA molecules should serve as an important adjunct to [8H]-cDNA0r hybridization assays since only intact functional molecules of mRNA will be detected in such a system.
